Local structure origin of ultrafast crystallization driven by high-fidelity octahedral clusters in amorphous Sc0.2Sb2Te3 by Qiao, Chong et al.
Ames Laboratory Accepted Manuscripts Ames Laboratory
2-20-2019
Local structure origin of ultrafast crystallization
driven by high-fidelity octahedral clusters in
amorphous Sc0.2Sb2Te3
Chong Qiao
Fudan University
Y. R. Guo
Fudan University
S. Y. Wang
Fudan University
Ming Xu
Huazhong University of Science and Technology
Xiangshui Miao
Huazhong University of Science and Technology
See next page for additional authors
Follow this and additional works at: https://lib.dr.iastate.edu/ameslab_manuscripts
Part of the Engineering Physics Commons
This Article is brought to you for free and open access by the Ames Laboratory at Iowa State University Digital Repository. It has been accepted for
inclusion in Ames Laboratory Accepted Manuscripts by an authorized administrator of Iowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.
Recommended Citation
Qiao, Chong; Guo, Y. R.; Wang, S. Y.; Xu, Ming; Miao, Xiangshui; Wang, Cai-Zhuang; and Ho, Kai-Ming, "Local structure origin of
ultrafast crystallization driven by high-fidelity octahedral clusters in amorphous Sc0.2Sb2Te3" (2019). Ames Laboratory Accepted
Manuscripts. 445.
https://lib.dr.iastate.edu/ameslab_manuscripts/445
Local structure origin of ultrafast crystallization driven by high-fidelity
octahedral clusters in amorphous Sc0.2Sb2Te3
Abstract
Phase-change material Sc0.2Sb2Te3 (SST) can remarkably boost the writing speed of memory devices due to
the extremely fast crystallization. It was demonstrated that the fast crystallization is because Sc stabilizes the
4-fold rings which act as precursors of nuclei in the amorphous phase. In this work, by using first-principles
molecular dynamics simulations, we studied the local structures in the liquid and amorphous SST at various
temperatures. The results reveal that Sc-centered configurations are almost in the form of stable octahedral
clusters, which enhances the local order of the amorphous phase. Different from Sb- and Te-centered clusters
which have lower coordination numbers, Sc-centered clusters are mainly in high-coordinated octahedral
structures. These Sc-centered octahedral clusters present a high stability in supercooled liquid and amorphous
states, remarkably reducing the incubation time of nucleation and speeding up the crystallization. Our study
reveals the role of Sc atoms in the liquid and amorphous structure, paving the way for the application of Sc-
based phase-change memory.
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ABSTRACT
Phase-change material Sc0.2Sb2Te3 (SST) can remarkably boost the writing speed of memory devices due to the extremely fast
crystallization. It was demonstrated that the fast crystallization is because Sc stabilizes the 4-fold rings which act as precursors
of nuclei in the amorphous phase. In this work, by using first-principles molecular dynamics simulations, we studied the local
structures in the liquid and amorphous SST at various temperatures. The results reveal that Sc-centered configurations are
almost in the form of stable octahedral clusters, which enhances the local order of the amorphous phase. Different from Sb- and
Te-centered clusters which have lower coordination numbers, Sc-centered clusters are mainly in high-coordinated octahedral
structures. These Sc-centered octahedral clusters present a high stability in supercooled liquid and amorphous states, remark-
ably reducing the incubation time of nucleation and speeding up the crystallization. Our study reveals the role of Sc atoms in the
liquid and amorphous structure, paving the way for the application of Sc-based phase-change memory.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5085502
Chalcogenide alloys are regarded as excellent phase-
changematerials (PCMs) due to the fast and reversible switching
between amorphous and crystalline states. In addition, both the
amorphous and crystalline phases of Te-based alloys are suffi-
ciently stable for more than 10 years at ambient conditions,
making them an ideal storage medium for harsh environ-
ments.1–5 In practical use, the material is first melted and then
cooled down rapidly into an amorphous state with a short, high-
intensity laser/electric pulse (the RESET operation). As for a SET
process, the amorphous material requires a long, medium-
intensity pulse for tens of nano-seconds to crystallize.6,7 Due to
the long crystallization time, the SET speed remains the bottle-
neck of PCMs for full application.
Ge–Sb–Te (GST) alloys located on the pseudo-binary line
between GeTe and Sb2Te3 compounds are prototypical PCMs.
8,9
As a parent phase of GST, many theoretical and experimental
studies have been carried out to explore the crystalline and
amorphous structure of Sb2Te3. The crystalline Sb2Te3 is known
to have a rhombohedral layered crystal structure, in which the
local motifs present the octahedral clusters.10–12 As for the
amorphous Sb2Te3, Sb and Te atoms are mostly in defective
octahedral sites.13,14 Due to this similarity of local structures
between the crystalline and amorphous states, the two phases
can transform to each other without long atomic diffusion. To
further improve the performance of Sb2Te3, researchers man-
aged to add some other elements (such as Al,15 In,16 Ag,17 and
Ti18) to Sb2Te3. Recently, the focus turned to Sc0.2Sb2Te3 (SST) as
it can significantly increase the crystallization speed by one
order of magnitude and improve the glass stability at room tem-
perature.19 Sc was found to stabilize the 4-fold rings in the glass
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so that it can remarkably reduce the incubation time of nucle-
ation. Nevertheless, a systematic study of the local structure of
supercooled liquid and amorphous SST remains lacking, which
we believe is vital for the future application of this PCM.
In this work, we have investigated the short-range orders
(SROs) of SST in the amorphization process by using ab initio
molecular dynamics (AIMD) simulations. In addition to the
atomic mobility, the short-range structure and the associated
stability are also explored to understand of the role of Sc atom
played in the amorphous SST.
By using the VASP package based on the density functional
theory (DFT),20,21 we have performed the AIMD simulations to
investigate the SROs in SST at different temperatures. The
projector-augmented wave method and the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA-PBE) are
utilized for the exchange-correlation energy functional.22–24 The
initial cubic cell was composed of 8 Sc, 64 Sb, and 108 Te
atoms.19 The time step was 3 fs, and only the C point was sam-
pled in the Brillouin zone. First, the system was kept at 2000K
for 30 ps to elimate the “memory” of the initial structure. Then,
it was cooled down to 1000Kwith a cooling rate of 33.3K/ps, in
which the box size was adjusted so that the external pressure is
close to zero. To study the liquid structure, the system was
relaxed at this temperature for 6000 steps to collect trajectories
under canonical ensemble. Finally, the samemethodwas utilized
to obtain the structural information at different temperatures as
we cooled the system down to 300Kwith an interval of 100K.
SST is a nucleation-dominant PCM, and the crystal precur-
sors (i.e., the cube-like structure formed in the glass upon
annealing) largely determine the incubation time of nucleation.
In this letter, we intend to solve two problems to understand
why Sc can speed up the crystallization of Sb2Te3: (1) what is the
local structure of Sc and how does it resemble the parent phase
Sb2Te3. (2) Is such a local structure of Sc stable and can it serve
as a high-fidelity crystal seed to reduce the stochasticity of
nucleation? To answer the first question, the total pair correla-
tion function (PCF) of SST at each sampled temperature is uti-
lized to analyze the structural change at different temperatures,
as shown in Fig. 1(a). At 1000K, only one prominent peak is
observed in PCF at 2.96 A˚, suggesting that the short-range
structure remains in the liquid SST (the melt temperature is at
900K).19,25 As the temperature decreases, the first peak shifts
slightly to the left and its amplitude becomes more remarkable,
indicating that the SRO becomes well-defined in the amorphiza-
tion process. Figure 1(b) plots the bond-angle distribution
function (BADF) of SST. At 1000K, a pronounced peak centered
at 90 reveals that the short-range configurations of SST pre-
sent a characteristic of octahedral geometry, which is similar to
the SRO in Sb2Te3.
13 As the temperature decreases, the peak at
90 becomes sharper, revealing that the octahedral structures
increase with the decreasing temperature. The small peak at
170 reminds us of the distorted octahedral-like structure in
crystalline SST. The BADFs of Sc-, Sb-, and Te-centered configu-
rations show a similar trend to the average distribution of SST,
suggesting that Sc-centered SRO also tend to form the octahe-
dral structures in the amorphization process of SST (see Fig. S1 in
the supplementary material).
By using a collective alignment analysis from the atomistic
cluster alignment (ACA) method,26 the three-dimensional dia-
gram of Sc-, Sb-, and Te-centered clusters is obtained, as shown
in the left panel of Fig. 2. First, 2000 clusters composed of one
central atom and six neighboring atoms are randomly selected
from the atomic trajectory. Then, these clusters are aligned with
each other to minimize the overall mean-square distances by
rigid rotation and relative translation. Finally, the atomic density
contour map is obtained for a given iso-surface value. At 1000K,
Sc-centered SRO presents an octahedral structure whereas we
fail to define the SROs of Sb- and Te-centered clusters. At 700K,
Sc-centered octahedral contour enlarges, Sb-centered SRO also
present an octahedral structure, while Te-centered SRO is still
inconspicuous, suggesting that Sc-centered octahedral struc-
tures are increased and Sb-centered clusters tend to change to
octahedral structures at a lower temperature. As the tempera-
ture is cooled down to 300K, the contours of Sc- and Sb-
centered octahedral structures enlarge and Te-centered SRO
presents a pattern close to the defective octahedral structure,
demonstrating that Sc-, Sb-, and Te-centered SROs tend to
form the octahedral structures in amorphous SST.
The spatial distributions and bonding situations of Sc-
centered clusters are shown in the right panel of Fig. 2. Each
cluster is composed of one central Sc atom and its six nearest
FIG. 1. Total PCF (a) and BADF (b) of SST at the different temperatures.
FIG. 2. Left panel: the collective alignment results of SST at 1000 K, 700 K, and
300 K show the evolution of Sc- (red), Sb- (yellow) and Te-centered (green) SROs
with an isovalue of 0.3 A˚3. Right panel: snapshots of Sc-centered clusters com-
posed of a central atom and six nearest neighboring atoms at 1000 K and 300 K,
respectively. Red spheres represent the Sc atoms while green spheres represent
Sb or Te atoms. A cutoff distance of 3.2 A˚ is applied to sort out the chemical
bonding.
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neighboring atoms. At 1000K, the Sc-centered clusters are ran-
domly distributed in the cell and not all the neighboring atoms
are bonded to the central atoms; however, the number of high-
coordinated (5- and 6-fold) clusters is non-negligible. At 300K,
the Sc-centered clusters tend to connect with each other by
sharing a vertex and most of them present a high-coordinated
configuration. Then, it is concluded that Sc atoms present a
strong octahedral bonding ability to its neighboring atoms in
both liquid and amorphous SST.
With the individual cluster-template alignment analysis
from the ACA method (see Fig. S2 of the supplementary mate-
rial), the fractions of the sum of octahedral structures (solid
lines) and 6-fold octahedrons (dashed lines) in Sc-, Sb-, and Te-
centered SROs are obtained, as plotted in Fig. 3(a). As the tem-
perature decreases, the fractions of Sc-, Sb-, and Te-centered
octahedrons increase and finally reach 77.5%, 93.1%, and 61.3%
at 300K, respectively. During the cooling process, the fractions
of octahedrons are always in order FSb > FSc > FTe. This result
seems to contradict with the collective alignment results in the
left panel of Fig. 2, turning our attention to 6-fold octahedrons
as they are little affected by the defect and distortion in the col-
lective alignment process. Only a few of Sc-centered 6-fold
octahedrons are observed at 1000K, and they increase slowly as
the temperature decreases to 700K but boost sharply as the
temperature decreases further. Finally, the 6-fold octahedrons
in Sc-centered clusters reach a large proportion of 65.0% at
300K, whereas the 6-fold octahedrons around Sb are first
observed at 700K and increase slowly in the fast cooling pro-
cess. As for the Te-centered 6-fold octahedron, few of them are
found in the whole process. Thus, it is apparent that Sc-
centered clusters form 6-fold octahedrons most easily, which is
in good agreement with the collective alignment results (Fig. 2).
Figure 3(b) shows coordination numbers (CNs) of each ele-
ment, with a cutoff distance of 3.2 A˚. It is noteworthy that CNs of
Sc, Sb, and Te atoms are always located at the vicinity of 5, 3, and
2, respectively, demonstrating that the Sc atom possess a strong
bonding effect to neighboring atoms. By comparing CN and the
fraction of octahedrons, it is inferred that Sc-centered configura-
tions are mainly in the form of high-coordinated (5- and 6-fold)
FIG. 3. (a) The fractions of Sc- (red), Sb- (green), and Te-centered (blue) octahe-
dral structures with temperature. The solid lines represent the total fraction of 3-, 4-,
5-, and 6-fold octahedrons while dashed lines only plot the fraction of 6-fold octahe-
drons. (b) The CNs of Sc, Sb, and Te atoms at different temperatures.
FIG. 4. (a)–(c) MSD of Sc, Sb, and Te
atoms as the temperature decreases.
(d)–(f) The ordinal numbers of the bonding
atoms to a randomly selected Sc atom
(other Sc atoms show the same trend)
with the simulation step, demonstrating
that the neighbors are loyal to the Sc. The
cutoff distance is 3.2 A˚.
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octahedrons while Sb- and Te-centered configurations tend to
form the low-coordinated (3-fold) octahedrons. In addition,
though both Sc and Sb atoms tend to form an ABAB (A: Sc/Sb, B:
Te) alternating rings,27,28 the Sc atom is easier to form heteropolar
bonds than the Sb atom, (see Fig. S3 of the supplementary mate-
rial), enhancing the orderliness of amorphous structures.
To answer the second aforementioned question, we studied
the atomic mobility of each element by mean square displace-
ment (MSD), as seen in Figs. 4(a)–4(c). Comparing the MSD of Sc,
Sb, and Te atoms, the Sc atoms move the slowest while the Sb
atom moves the fastest in the cooling process. It is probably due
to the low atomic mobility of Sc atoms that the formation of sta-
ble high-coordinated SROs becomes possible. To investigate the
stability of Sc-centered SRO, we focus on the “loyalty” of bond-
ing atoms to the Sc atom with time (simulation step). Figures
4(d)–4(f) present the ordinal numbers of the neighboring atoms
to a randomly selected Sc atom as the simulation cell is relaxed.
At 1000K, the number of bonding atoms to the Sc atom is 5. As
the time increases, some of the bonding atoms are replaced by
the others but most of them remain bonding to this Sc atom,
indicating that Sc atoms form strong bonds even at a high tem-
perature. As the system is a supercooled liquid at 700K, the CN
Sc atom increases to 6. Only a few of bonding atoms are replaced
by other atoms in the process of relaxation, demonstrating that
Sc-centered SRO presents a high stability in supercooled liquid
SST. At 300K, the neighboring atoms of this Sc atom are very
loyal with the relaxation time. In pure Sb2Te3, the nucleation
takes place with the growth of crystal seeds (i.e., the octahedral
clusters), but these seeds are not so stable and they fluctuate in
and out frequently, remarkably increasing the incubation time.
The alloying of Sc has solved this issue because Sc forms much
more robust octahedral clusters (structural foundation of 4-fold
rings) than Sb and Te, reducing the stochasticity of nucleation
evidently.28,29 Compared to the previous study which demon-
strated that Sc-Te bonds are very strong,19 our results further
reveal that these bonds tend to form the stable high-coordinated
octahedrons, speeding up the crystallization.
In conclusion, by using AIMD simulations, we have studied
the short-range structure in SST at different temperatures.
Similar to Sb- and Te-centered SROs, Sc-centered configura-
tions present a characteristic of octahedral structure, and these
clusters are mainly in the form of high coordination (mostly 5-
and 6-fold) in both the supercooled liquid and glass.
Additionally, Sc-centered clusters present a high stability and
the neighboring atoms show high fidelity to Sc. This has remark-
ably reduced the stochasticity of nucleation to shorten the incu-
bation time. Our study provides an in-depth understanding of
the role of Sc atoms in SST, paving the way for the design and
application of ultrafast PCMs.
See supplementary material for the BADF of Sc-, Sb-, and
Te-centered configurations at the different temperatures; the
model of the octahedral structure and the details of the ACA
method; and the CN of amorphous Sb2Te3 and SST at 300K.
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